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SYSTEMS AND METHODS FOR IMPROVING EFFICIENCY IN A POWER MANAGEMENT

CIRCUIT

Systems and methods for improving efficiency

in a power management circuit are disclosed. In one as-
pect, a ping-pong sample and hold circuit smooth tran-
sitions from buck to boost (and vice versa) modes of op-
eration for a direct current-to-direct current (DC-DC) con-
verter in the power management circuit. The ping-pong
sample and hold circuit provide a ramp compensation for

each clock cycle, where transitions are smoothed by
holding the last value used from the previous mode of
operation. In a second aspect, a current sensor is used
thatintegrates a current value to provide a base feedback
loop for the DC-DC converter and may use various com-
pensation factors to provide a proper ramp signal for the
DC-DC converter.
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Description

PRIORITY APPLICATION

[0001] This application claims the benefit of U.S. Pro-
visional Patent Application Serial Number 63/457,245,
filed on April 5, 2023, entitled "SYSTEMS AND METH-
ODS FOR IMPROVING EFFICIENCY IN A POWER
MANAGEMENT CIRCUIT," and of U.S. Patent Applica-
tion Serial Number 18/616,740, filed on March 26, 2024,
entitled "SYSTEMS AND METHODS FOR IMPROVING
EFFICIENCY IN A POWER MANAGEMENT CIRCUIT"
the disclosure of which are hereby incorporated herein
by reference in its entirety.

FIELD

[0002] The technology of the disclosure relates gener-
ally to power management circuits, including direct cur-
rent-to-direct current (DC-DC) converters.

BACKGROUND

[0003] Computing devices abound in modem society,
and more particularly, mobile communication devices
have become increasingly common. The prevalence of
these mobile communication devices is driven in part by
the many functions that are now enabled on such devic-
es. Increased processing capabilities in such devices
mean that mobile communication devices have evolved
from pure communication tools into sophisticated mobile
entertainment centers, thus enabling enhanced user ex-
periences. With the advent of the myriad functions avail-
able to such devices, there has been increased pressure
to find ways to reduce power consumption. One way that
power consumption has been reduced is to make circuits
more efficient. Power management circuits that include
direct current-to-direct current (DC-DC) converters are
one such circuit where trying to improve efficiency pro-
vides opportunities for innovation.

SUMMARY

[0004] Particular aspects are set out in the appended
independent claims. Various optional embodiments are
set out in the dependent claims.

[0005] Aspects disclosed in the detailed description in-
clude systems and methods for improving efficiency in a
power management circuit. In particular, a first aspect
incorporates a ping-pong sample and hold circuit to
smooth transitions from buck to boost (and vice versa)
modes of operation for a direct current-to-direct current
(DC-DC) converterin the power managementcircuit. The
ping-pong sample and hold circuit provide a ramp com-
pensation for each clock cycle, where transitions are
smoothed by holding the last value used from the previ-
ous mode of operation. In a second aspect, a current
sensor is used that integrates a current value to provide
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a base feedback loop for the DC-DC converter and may
use various compensation factors to provide a proper
ramp signal for the DC-DC converter.

[0006] In this regard, in one aspect, a power manage-
ment circuit is disclosed. The power management circuit
includes a direct current DC-DC converter, a current
feedback loop for the DC-DC converter having an output
node, a voltage feedback loop for the DC-DC converter
coupled to a common output node, a comparator coupled
to the output node, a reference voltage, and the DC-DC
converter, and a ping-pong ramp compensation circuit
coupled to the comparator to provide a last boost value
for use in a buck mode after a boost-to-buck transition
[0007] In another aspect, a power management circuit
is disclosed. The power management circuit includes a
direct current DC-DC converter, a current feedback loop
forthe DC-DC converter having an output node, a voltage
feedbackloop for the DC-DC converter coupled to a com-
mon output node, a comparator coupled to the output
node, areference voltage, and the DC-DC converter, and
a filter comprising an inductor and a capacitor, wherein
the current feedback loop is configured to measure a
voltage drop across the inductor and integrate a current
derived from the voltage drop.

[0008] In another aspect, a method of controlling a
power management circuit is disclosed. The method in-
cludes sensing a voltage at an output node and sensing
a current proximate the output node. The method also
includes summing a first current based on a sensed cur-
rent and a second current based on a sensed voltage
into a summed current, using a sample and hold circuit
to provide a ramp compensation signal, and summing
the ramp compensation signal with the summed current.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009]

Figure 1A is a block diagram of an example power
management circuit with a direct current-to-direct
current (DC-DC) converter having a ping-ping ramp
compensation circuit coupled to a comparison input
according to a first aspect of the present disclosure;
Figure 1B is a block diagram of an example power
management circuit with a DC-DC converter having
a ping-pong ramp compensation circuit coupled to a
comparator at a reference input according to a sec-
ond aspect of the present disclosure;

Figure 2 is a block diagram of parts of the ping-pong
ramp compensation circuit at two different temporal
times, highlighting a sample and hold function within
the circuit;

Figure 3 is a graph of various currents versus time,
highlighting how the sample and hold function pro-
vides a first value after handoff;

Figure 4 is a hybrid block and circuit diagram showing
a current-based current sensor used by a current
feedback loop of the power management circuit;
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Figure 5is a hybrid block and circuit diagram showing
a voltage-based current sensor and voltage sensor
used by a current feedback loop and a voltage feed-
back loop of the power management circuit;

Figure 6 is a more detailed version of the power man-
agement circuit of Figure 4 with a voltage feedback
loop added and various compensation elements to
assist in ramp compensation;

Figure 7 is a hybrid block and circuit diagram of a
current sensor and integrator to provide additional
details of the power management circuit of Figure 4;
Figure 8 is a more detailed diagram of a ping-pong
sample and hold circuit for use with a power man-
agement circuit;

Figure 9 and Figure 10 illustrate alternate circuit lay-
outs for example aspects of the present disclosure;
Figure 11 is a flowchart illustrating a method of op-
erating a power management circuit according to as-
pects of the present disclosure; and

Figure 12 is a block diagram of a mobile terminal,
which may include the power management circuit
with efficient ramp compensation according to the
present disclosure.

DETAILED DESCRIPTION

[0010] The embodiments set forth below represent the
necessary information to enable those skilled in the art
to practice the embodiments and illustrate the best mode
of practicing the embodiments. Upon reading the follow-
ing description in light of the accompanying drawing fig-
ures, those skilled in the art will understand the concepts
of the disclosure and will recognize applications of these
concepts not particularly addressed herein. It should be
understood thatthese concepts and applications fall with-
in the scope of the disclosure and the accompanying
claims.

[0011] It will be understood that although the terms
first, second, etc. may be used herein to describe various
elements, these elements should not be limited by these
terms. These terms are only used to distinguish one el-
ement from another. For example, a first element could
be termed a second element, and similarly, a second
element could be termed afirst element without departing
from the scope of the present disclosure. As used herein,
the term "and/or" includes any and all combinations of
one or more of the associated listed items.

[0012] It will be understood that when an element such
as a layer, region, or substrate is referred to as being
"on" or extending "onto" another element, it can be di-
rectly on or extend directly onto the other element or in-
tervening elements may also be present. In contrast,
when an element is referred to as being "directly on" or
extending "directly onto" another element, nointervening
elements are present. Likewise, it will be understood that
when an element such as a layer, region, or substrate is
referred to as being "over" or extending "over" another
element, it can be directly over or extend directly over
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the other element or intervening elements may also be
present. In contrast, when an element is referred to as
being "directly over" or extending "directly over" another
element, no intervening elements are present. It will also
be understood that when an element is referred to as
being "connected" or "coupled"” to another element, it can
be directly connected or coupled to the other element or
intervening elements may be present. In contrast, when
an element is referred to as being "directly connected"
or "directly coupled" to another element, no intervening
elements are present.

[0013] Relative terms such as "below" or "above" or
"upper" or "lower" or"horizontal" or "vertical" may be used
herein to describe a relationship of one element, layer,
orregiontoanother element, layer, or region asiillustrated
in the Figures. It will be understood that these terms and
those discussed above are intended to encompass dif-
ferent orientations of the device in addition to the orien-
tation depicted in the Figures.

[0014] The terminology used herein is for the purpose
of describing particular embodiments only and is not in-
tended to be limiting of the disclosure. As used herein,
the singular forms "a," "an," and "the" are intended to
include the plural forms as well unless the context clearly
indicates otherwise. It will be further understood that the
terms "comprises," "comprising,” "includes," and/or "in-
cluding," when used herein, specify the presence of stat-
ed features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or
addition of one or more other features, integers, steps,
operations, elements, components, and/or groups there-
of.

[0015] Unless otherwise defined, all terms (including
technical and scientific terms) used herein have the same
meaning as commonly understood by one of ordinary
skill in the art to which this disclosure belongs. It will be
further understood that terms used herein should be in-
terpreted as having a meaning that is consistent with their
meaning in the context of this specification and the rele-
vantartand will notbeinterpreted in an idealized or overly
formal sense unless expressly so defined herein.
[0016] Aspectsdisclosedinthe detailed descriptionin-
clude systems and methods for improving efficiency in a
power management circuit. In particular, a first aspect
incorporates a ping-pong sample and hold circuit to
smooth transitions from buck to boost (and vice versa)
modes of operation for a direct current-to-direct current
(DC-DC) converter in the power management circuit. The
ping-pong sample and hold circuit provides a ramp com-
pensation for each clock cycle, where transitions are
smoothed by holding the last value used from the previ-
ous mode of operation. In a second aspect, a current
sensor is used that integrates a current value to provide
a base feedback loop for the DC-DC converter and may
use various compensation factors to provide a proper
ramp signal for the DC-DC converter.

[0017] Before addressing example aspects of the
present disclosure, a brief discussion of existing power
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management circuits and their challenges is provided.
Power management circuits may be used with power am-
plifier chains in transceivers, such as can be found in
mobile terminals like cell phones and the like. Such power
management circuits may include DC-DC converters that
operate in buck and boost modes to lower or raise DC
voltage levels to desired levels relative to a battery volt-
age. Such buck-boost converters are well-known in the
industry. Many such buck-boost converters include cur-
rent feedback loops and/or voltage feedback loops to as-
sist in providing a smooth output signal for the DC-DC
converter.

[0018] However, these feedback loops have challeng-
es. A voltage feedback loop may be bandwidth-limited
and have slow settling. Current-mode control through a
current feedback loop may increase bandwidth, but
measuring current with a series resistor at an output may
degrade efficiency. Likewise, measuring current with
switch sensors may result in multiple sensors, one for
each switching path, which in turn adds complexity.
There may be overshoot or ringing even with such feed-
back circuits due to current change disturbances. Such
overshoot situations may be exacerbated when the cir-
cuit uses a duty cycle greater than fifty percent. The dif-
ficulties of the duty cycle are well-documented in the in-
dustry.

[0019] Example aspects of the present disclosure pro-
vide options for assisting in providing smooth ramp com-
pensation for a DC-DC converter that may be used in a
power management circuit. By providing for smooth ramp
compensation, the power management circuit is made
more efficient, which may improve time to recharge met-
rics for batteries for mobile devices and thus improve
user experience. In particular, example aspects of the
present disclosure contemplate a ping-pong ramp com-
pensation circuit that shares a clock signal used by the
DC-DC converter to sample and hold values provided to
the DC-DC converter and use the held values when the
DC-DC converter changes operation modes. The use of
the held values prevents a discontinuity and speeds set-
tling time while reducing ringing. Still, further aspects of
the presentdisclosure provide improved current and volt-
age sensors to assist in determining ramp compensation
cycles. In particular, a current integrator may be used to
assist in determining a current value.

[0020] The present disclosure presents the ping-pong
compensation circuit first. In this regard, Figure 1A is a
block diagram of a power management circuit 100A hav-
ing a DC-DC converter 102. The DC-to-DC converter is
coupled to an output filter 104 having an inductor 106
and a capacitor 108. Both the inductor 106 and the ca-
pacitor 108 couple to an output node 110. Current may
be measured across the inductor 106 to provide a signal
I for a fast current loop circuit 112. The fast current loop
circuit 112 provides a current feedback signal |, ¢, at an
output 114. Similarly, voltage at the output node 110 may
be measured and used by a slow voltage loop circuit 116.
The slow voltage loop circuit 116 may provide a current
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l, 1, @t an output 118. The currents |, 4, and |, ¢, are
summed at a node 120 and form an uncompensated sig-
nal Iy, to node 122.

[0021] Node 122 also couples to a comparator circuit
124 that compares a compensated signal (Icomp) arriv-
ing from node 122 to a reference signal (Vref) to provide
an end pulse signal to the DC-DC converter 102. The
DC-DC converter 102 receives a start pulse signal from
a state machine 126 that is based on a clock signal (fclk)
arriving at a node 128.

[0022] Node 122 and node 128 also couple to a ping-
pong ramp compensation circuit 130. The ping-pong
ramp compensation circuit 130 includes a divide by two
(Div. 2) circuit 132 that divides the clock signal into even
and odd pulses. The even pulses are provided to an even
sample and hold circuit 134, while the odd pulses are
provided to an odd sample and hold circuit 136. While
not shown, the sample and hold circuits 134, 136 sample
the ramp compensation signal at node 122 and store for
future use as explained below. The sample and hold cir-
cuits 134, 136 are coupled to a multiplexer 138. The mul-
tiplexer 138 selects a signal from one of the sample and
hold circuits 134, 136 (or no signal) and injects the same
at node 122 (e.g., signal IrampC). To ensure that any
injected signal is properly aligned, a delay compensation
circuit 140 is provided along with level shifters 142(1),
142(2). The delay compensation circuitry 140 may be an
inverter string with loading capacitance, for example.
[0023] As noted above, in the absence of the present
disclosure, the DC-DC converter 102 may be unstable,
where the instability is caused by a slope of the falling
edge of the feedback current exceeding a slope of the
steady-state inductor current. This difference makes the
error from a perturbation in the current controlled loop
grow. It should be appreciated that this instability occurs
only in current feedback converters operated in common
current mode (CCM) with a duty cycle greater than 50%.
To improve stability, the slope of the feedback current
(i.e., the fast feedback loop that operates cycle to cycle)
may be reduced. This reduction may be made by adding
a compensation current based on the switching frequen-
cy. This compensation circuit reduces the slope of the
falling edge of the feedback current such that an error
created by a perturbation in the current feedback loop
will decrease in time. The ping-pong ramp compensation
circuit 130 is such a compensation circuit with the signal
provided to node 122 acting to reduce the slope of the
falling edge of the feedback current.

[0024] In particular, the ping-pong ramp compensation
circuit 130 reduces errors from a reset time of the ramp
and reduces overshoot when large duty-cycle changes
happen from cycle to cycle (e.g., buck high DC to boost
low DC transition). The ping-pong ramp compensation
circuit 130 may act in a variety of states, including:
[0025] For buck or boost operation with a duty cycle
below 50%, no ramp compensation is needed, and the
ping-pong ramp compensation circuit 130 may be dor-
mant.
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[0026] Ramp compensation may be needed for buck
or boost operation with a duty cycle above 50%.

[0027] When ramp compensation is done, it is done
every switching cycle. Thus, sharing the clock signal
makes it easy to do every switching cycle. Note also that
there may be a discontinuity in the ramp when going from
a large duty cycle (e.g., buck mode at a higher output
voltage) to a lower duty cycle (e.g., boost mode after
getting above a battery level), and this discontinuity may
contribute to overshoot. The ping-pong ramp compensa-
tion circuit 130 reduces the discontinuity in ramp com-
pensation at the boundary between high-duty and low-
duty cycles, specifically by saving the ramp compensa-
tion value for the last buck operating cycle in the circuit
134 (or 136) and applied in the first boost cycle. After the
transition, the duty cycle in most boost modes is low, so
ramp compensation may be discontinued or gradually
reduced to help avoid overshoot.

[0028] It should be appreciated that the compensation
signal may be applied at node 122, as shown in Figure
1A, but the compensation signal may also be applied at
the reference input node 150 of the comparator, as is
better seenin Figure 1B. In most other aspects, the power
management circuit 100B is nearly identical to circuit
100A of Figure 1A.

[0029] Figure 2 provides an illustration of how the sam-
ple and hold circuits 134, 136 may sample, for example,
a last buck value (generally at 200 in circuit 136) while a
prior buck value is held at circuit 134 (generally at 202).
The value in the circuit 136 is updated at each sample,
moving the immediately prior last value to the circuit 134.
When there is a transition to a boost mode, the value in
the circuit 134 (generally at 204) is output through the
MUX 138 to node 122 to assist in making the transition
smooth and without a discontinuity. Concurrently, the
boost value may be sampled and stored in the circuit 134
(generally at 206).

[0030] Such anapproach may lead to the signals seen
in Figure 3, where Iramp1 may correspond to the buck
signal that is sampled and held, and Iramp2 is the boost
signal that is sampled and held. Iramp_out shows the
relatively smooth transitions that are achieved when the
last value is used as the first value of the new mode.
Additional details about the circuit may be found below
with reference to Figure 8.

[0031] While the ping-pong ramp compensation circuit
130 provides improvements to the ramp compensation
circuit that improves efficiency, there is also room for im-
provements to the sensors used to make the measure-
ments for the current feedback loop and the voltage feed-
back loop, as better illustrated through Figures 4-7. In
this regard, Figure 4 illustrates one possible current sen-
sor400 associated with a powermanagementcircuit 100.
The current sensor 400 measures a voltage drop across
the inductor 106 and particularly across its effective se-
ries inductance 402 and its effective series resistance
404 (e.g., across nodes 406, 408). This voltage drop is
converted to a current by conversion circuitry 410 and
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integrated by an integrator 412. The integrator 412 may
have a parallel capacitor 414.

[0032] Voltage sensing is perhaps slightly more com-
plex for the slow voltage loop circuit 116. More details
about such aloop are shown in Figure 5, where a voltage
is measured at node 500 between the inductor 106 and
the capacitor 108. A voltage divider 502 formed from re-
sistors 504, 506 has a central node 508 to provide the
voltage division with resistor 506 coupled to ground 510.
The node 508 couples to an operational amplifier (op-
amp) 512 with associated inputimpedance 514 and feed-
back impedance 516. The output of the op-amp 512 may
be coupled to a fast current feedback loop at an input to
asecond op-amp 517. Stillanother op-amp 518 may cou-
ple to the DC-DC converter 102 to provide the feedback.
The op-amp 518 may also be coupled to the ping-pong
ramp compensation circuit 130.

[0033] As still another variation, there may be a digital
control with multiple calibration inputs for various ele-
ments within the loop circuits 112, 116, as better seen in
Figure 6. Specifically, a digital controller 600 may control
a current DAC 602, which provides an input to the op-
amp 512 of the slow voltage loop circuit 116. The digital
controller 600 may also provide a control signal foraramp
compensation circuit 604. Ramp compensation circuit
604 may be a ping-pong ramp compensation circuit as
previously described or another circuit as needed or de-
sired for any particular implementation. The ramp com-
pensation circuit 604 may also receive calibration values
for the inductor 106, the capacitor 108, and/or any rele-
vant resistors from a memory or sensor 606. Additionally,
the current sensor 400 may be coupled to one or more
compensation or offset DACs 608, 610. The reason for
the calibration values and the DACs 608, 610 is that most
components are not "true" to a specified value. Process
variations or manufacturing tolerances may lead to var-
iations between elements. Likewise, various seemingly
small but real values and non-trivial parameters may be
changed, such as conductor length, conductor width, or
the like. Parasitic capacitances or the like may also im-
pact performance. Such variations may be addressed
through calibration and/or the DACs 608, 610.

[0034] Figure 7 provides additional details about the
current sensor 400. Specifically, the current sensor 400
may sense a differential voltage across the inductor 106
with two high-value resistors 700(1), 700(2). To assistin
addressing device mismatches and variations (process
variation, temperature variation, etc.), aresistor DAC 702
is provided and may provide differential offset correction.
A feedback current mirror 704 converts the two currents
into a single-ended current at output node 706. A current
DAC 708 is also provided for the feedback current mirror
704 for mirror common mode offset correction. In oper-
ation, both sides of the feedback current mirror 704 go
to low-impedance nodes created by the inverting input
of a feedback amplifier 710. The single-ended current
representing the inductor voltage (i.e., the value at node
706) is injected into an integrator 712, which in this ex-
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ample is an op-amp 714 with feedback resistor 716 and
feedback capacitor 718. The output node 720 is coupled
to the voltage loop circuit 116 and coupled to the com-
parator circuit 124 as previously described.

[0035] Figure 8 provides additional details about the
sample and hold circuits that smooth outthe buck to boost
transition. In particular, the ping-pong ramp compensa-
tion circuit 130 may have two ramp generators, one op-
erating on the odd periods and one operating on the even
periods. To initiate the ramp, a fractional clock circuit 800
may divide the original clock frequency (fclk) into a frac-
tional value (e.g., 25%). The ramp section of the circuit
saves the last current in the buck mode and adds it to
the current in the boost mode. To cancel a threshold volt-
age of field effect transistors (FETs) in the circuity, a di-
ode-connected device 802 is connected at an input 804.
This allows the ramp circuit output transconductance
stage to be active starting from the beginning of the ramp.
To prevent saturation of the output transconductance
stage when the drain is not connected at the input of the
comparator (e.g., during the sampling phase), a current
steering FET 806 is used to route the current at the 1.8
V supply line 808. This current steering eliminates spikes
when the ramp output circuit is connected to the compa-
rator circuit 124 input. A slope adjustment DAC 810 may
be used to help ensure correction for variations (e.g.,
process, temperature, etc.).

[0036] Figures 9 and 10 provide alternate circuit lay-
outs to implement aspects of the present disclosure and
are included for completeness; however, as many of the
elements are duplicative, a detailed discussion is fore-
gone.

[0037] A process 1100 is illustrated in Figure 11, de-
scribing how the ram power management circuit 100 may
be managed. In particular, the process 1100 begins by
measuring current proximate an output node 110 (block
1102) (e.g., across the inductor 106). Voltage is meas-
ured at the output node 110 (block 1104).

[0038] A current based on the sensed current is
summed with a current based on the sensed voltage
(block 1106). A clock signal is divided to control an even
sample and hold circuit 134 and an odd sample and hold
circuit 136 (block 1108) that holds a last ramp compen-
sation signal. Use the ramp compensation signal to
smooth transitions by a DC-DC converter 102 (block
1110).

[0039] With reference to Figure 12, the power man-
agement circuits with ping-pong ramp compensation cir-
cuits and improved current sensors described above may
be implemented in various types of user elements 1200,
such as mobile terminals, smart watches, tablets, com-
puters, navigation devices, access points, and like wire-
less communication devices that support wireless com-
munications, such as cellular, wireless local area network
(WLAN), Bluetooth, and near field communications. The
user elements 1200 will generally include a control sys-
tem 1202, a baseband processor 1204, transmit circuitry
1206, receive circuitry 1208, antenna switching circuitry

10

15

20

25

30

35

40

45

50

55

1210, multiple antennas 1212, and user interface circuitry
1214. In a non-limiting example, the control system 1202
can be a field-programmable gate array (FPGA) or an
application-specific integrated circuit (ASIC), as an ex-
ample. Inthis regard, the control system 1202 caninclude
at least a microprocessor(s), an embedded memory cir-
cuit(s), and a communication bus interface(s). The re-
ceive circuitry 1208 receives radio frequency signals via
the antennas 1212 and through the antenna switching
circuitry 1210 from one or more base stations. Alow noise
amplifier and a filter of the receive circuitry 1208 coop-
erate to amplify and remove broadband interference from
the received signal for processing. Downconversion and
digitization circuitry (not shown) will then down convert
the filtered, received signal to an intermediate or base-
band frequency signal, which is then digitized into one
or more digital streams using analog-to-digital convert-
er(s) (ADC).

[0040] The baseband processor 1204 processes the
digitized received signal to extract the information or data
bits conveyed in the received signal. This processing typ-
ically comprises demodulation, decoding, and error cor-
rection operations, as will be discussed in greater detail
below. The baseband processor 1204 is generally imple-
mented in one or more digital signal processors (DSPs)
and application-specific integrated circuits (ASICs).
[0041] For transmission, the baseband processor
1204 receives digitized data, which may represent voice,
data, or control information, from the control system
1202, which it encodes for transmission. The encoded
datais output to the transmit circuitry 1206, where a DAC
converts the digitally encoded data into an analog signal,
and a modulator modulates the analog signal onto a car-
rier signal that is at a desired transmit frequency or fre-
quencies. A power amplifier that is generally controlled
by a power management circuit according to example
aspects will amplify the modulated carrier signal to a level
appropriate for transmission and deliver the modulated
carrier signal to the antennas 40 through the antenna
switching circuitry 1210 to the antennas 1212. The mul-
tiple antennas 1212 and the replicated transmit and re-
ceive circuitries 1206, 1208 may provide spatial diversity.
Modulation and processing details will be understood by
those skilled in the art.

[0042] Therefore, from one perspective, there have
been described systems and methods for improving ef-
ficiency in a power management circuit are disclosed. In
one aspect, a ping-pong sample and hold circuit smooth
transitions from buck to boost (and vice versa) modes of
operation for a direct current-to-direct current (DC-DC)
converter in the power management circuit. The ping-
pong sample and hold circuit provide a ramp compensa-
tion for each clock cycle, where transitions are smoothed
by holding the last value used from the previous mode
of operation. In a second aspect, a current sensor is used
thatintegrates a current value to provide a base feedback
loop for the DC-DC converter and may use various com-
pensation factors to provide a proper ramp signal for the
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DC-DC converter.
[0043] Further examples are set out in the following
numbered clauses:

Clause 1. A power management circuit comprising:
a direct current (DC)-to-DC (DC-DC) converter; a
current feedback loop for the DC-DC converter hav-
ing an output node; a voltage feedback loop for the
DC-DC converter coupled to a common output node;
acomparator coupled to the output node, areference
voltage, and the DC-DC converter; and a ping-pong
ramp compensation circuit coupled to the compara-
tor to provide a last boost value for use in a buck
mode after a boost-to-buck transition.

Clause 2. The power management circuit of clause
1, further comprising a filter coupled to an output of
the DC-DC converter.

Clause 3. The power management circuit of clause
2, wherein the filter comprises an inductor.

Clause 4. The power management circuit of clause
3, wherein the current feedback loop is configured
to measure a voltage drop across the inductor.
Clause 5. The power management circuit of clause
4, wherein the current feedback loop comprises a
voltage to current circuit and a current integrator cir-
cuit.

Clause 6. The power management circuit of clause
4 or 5, wherein the current feedback loop comprises
an operational amplifier.

Clause 7. The power management circuit of any pre-
ceding clause, wherein the voltage feedback loop
comprises an operational amplifier.

Clause 8. The power management circuit of any pre-
ceding clause, further comprising a calibration circuit
coupled to the ping-pong ramp compensation circuit.
Clause 9. The power management circuit of any pre-
ceding clause, wherein the ping-pong ramp compen-
sation circuit comprises a sample and hold circuit.
Clause 10. The power management circuit of any
preceding clause, wherein the ping-pong ramp com-
pensation circuit is coupled to the common output
node.

Clause 11. The power management circuit of any
preceding clause, wherein the ping-pong ramp com-
pensation circuit is coupled to a reference input of
the comparator.

Clause 12. The power management circuit of any
preceding clause, wherein the comparator compris-
es an output latch and a one-shot circuit configured
to prevent the comparator from tripping around a
clock edge.

Clause 13. A power management circuit comprising:
a direct current (DC)-to-DC (DC-DC) converter; a
current feedback loop for the DC-DC converter hav-
ing an output node; a voltage feedback loop for the
DC-DC converter coupled to a common output node;
acomparator coupled to the output node, areference
voltage, and the DC-DC converter; and a filter com-
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prising an inductor and a capacitor, wherein the cur-
rent feedback loop is configured to measure a volt-
age drop across the inductor and integrate a current
derived from the voltage drop.

Clause 14. The power management circuit of clause
13, wherein the voltage feedback loop comprises an
operational amplifier.

Clause 15. A method of controlling a power manage-
ment circuit, comprising: sensing a voltage at an out-
put node; sensing a current proximate the output
node; summing a first current based on a sensed
current and a second current based on a sensed
voltage into a summed current; using a sample and
hold circuit to provide a ramp compensation signal;
and summing the ramp compensation signal with the
summed current.

Clause 16. The method of clause 15, wherein sens-
ing the current comprises sensing a current across
an inductor proximate the output node.

Clause 17. The method of clause 15 or 16, wherein
using a sample and hold circuit comprises using an
even sample and hold circuit and an odd sample and
hold circuit.

Clause 18. The method of clause 15,16 or 17, where-
in sensing the current comprises using a current in-
tegrator.

Clause 19. The method of any of clauses 15 to 18,
wherein the ramp compensation signal is zero when
a duty cycle of a direct current-to-direct current (DC-
DC) converter is below fifty percent.

Clause 20. The method of clause 19, further com-
prising smoothing a transition from a buck mode to
a boost mode in the DC-DC converter.

[0044] It is also noted that the operational steps de-
scribed in any of the example aspects herein are de-
scribed to provide examples and discussion. The oper-
ations described may be performed in numerous different
sequences other than the illustrated sequences. Further-
more, operations described in a single operational step
may actually be performed in a number of different steps.
Additionally, one or more operational steps discussed in
the example aspects may be combined. ltis to be under-
stood thatthe operational stepsillustrated in the flowchart
diagrams may be subject to numerous different modifi-
cations, as will be readily apparent to one of skill in the
art. Those of skill in the art will also understand that in-
formation and signals may be represented using any of
a variety of different technologies and techniques. For
example, data, instructions, commands, information, sig-
nals, bits, symbols, and chips that may be referenced
throughout the above description may be represented by
voltages, currents, electromagnetic waves, magnetic
fields or particles, optical fields or particles, or any com-
bination thereof.

[0045] The previous description of the disclosure is
provided to enable any person skilled in the art to make
or use the disclosure. Various modifications to the dis-
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closure will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied
to other variations. Thus, the disclosure is not intended
to be limited to the examples and designs described here-
in but is to be accorded the widest scope consistent with
the principles and novel features disclosed herein.

Claims
1. A power management circuit comprising:

adirect current (DC)-to-DC (DC-DC) converter;
acurrentfeedback loop forthe DC-DC converter
having an output node;

avoltage feedbackloop for the DC-DC converter
coupled to a common output node;

a comparator coupled to the output node, a ref-
erence voltage, and the DC-DC converter; and
a ping-pong ramp compensation circuit coupled
to the comparator to provide a last boost value
for use in a buck mode after a boost-to-buck
transition.

2. The power management circuit of claim 1, further
comprising a filter coupled to an output of the DC-
DC converter.

3. The power management circuit of claim 2, wherein
the filter comprises an inductor.

4. The power management circuit of claim 3, wherein
the current feedback loop is configured to measure
a voltage drop across the inductor, for example
wherein the current feedback loop comprises one or
more selected from the group comprising: a voltage
to current circuit and a current integrator circuit; and
an operational amplifier.

5. The power management circuit of any preceding
claim, wherein the voltage feedback loop comprises
an operational amplifier.

6. The power management circuit of any preceding
claim, further comprising a calibration circuit coupled
to the ping-pong ramp compensation circuit.

7. The power management circuit of any preceding
claim, wherein the ping-pong ramp compensation
circuit comprises a sample and hold circuit.

8. The power management circuit of any preceding
claim, wherein the ping-pong ramp compensation
circuit is coupled to one or more selected from the
group comprising: the common output node; and a
reference input of the comparator.

9. The power management circuit of any preceding
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10.

1.

12.

13.

14.

15.

claim, wherein the comparator comprises an output
latch and a one-shot circuit configured to prevent the
comparator from tripping around a clock edge.

A power management circuit comprising:

a direct current (DC)-to-DC (DC-DC) converter;
acurrentfeedback loop forthe DC-DC converter
having an output node;

avoltage feedback loop for the DC-DC converter
coupled to a common output node, for example
wherein the voltage feedback loop comprises
an operational amplifier;

a comparator coupled to the output node, a ref-
erence voltage, and the DC-DC converter; and
a filter comprising an inductor and a capacitor,
wherein the current feedback loop is configured
to measure a voltage drop across the inductor
and integrate a current derived from the voltage
drop.

A method of controlling a power management circuit,
comprising:

sensing a voltage at an output node;

sensing a current proximate the output node;
summing a first current based on a sensed cur-
rent and a second current based on a sensed
voltage into a summed current;

using a sample and hold circuit to provide a ramp
compensation signal; and

summing the ramp compensation signal with the
summed current.

The method of claim 11, wherein sensing the current
comprises sensing a current across an inductor prox-
imate the output node.

The method of claim 11 or 12, wherein using a sam-
ple and hold circuit comprises using an even sample
and hold circuit and an odd sample and hold circuit.

The method of claim 11, 12 or 13, wherein sensing
the current comprises using a current integrator.

The method of any of claims 11 to 14, wherein the
ramp compensation signal is zero when a duty cycle
of a direct current-to-direct current (DC-DC) convert-
eris below fifty percent, and for example further com-
prising smoothing a transition from a buck mode to
a boost mode in the DC-DC converter.



EP 4 451 532 A1

VI "Old

- !
- 1
)yl _ - 157N
< n__“_\v/_ﬁn_v‘o A._.mOOm “_ mMﬁWME AIm_._.<._.m
<] AV130 fe——L
HOIH
fsmw/ L
1 |
7l NIAZ L
d10H B I1dINVS [ i _
NaAd I " 8l
Nm—‘ 1 '
- NG | ! 319}
1
@I0H B I1dWYS 7557 “ !
aao “ _
P
|
|
T "
r=====- miaieh | il oo_sm_; “
N9 90} 1 o) !
1 I 4(~ 1 a
1801 I_I / ] 00 JAIA “
. oaadiiil] 90-9d [357nd I
7T R T “
i b0l + woo| | wns) _
" ez’ 0cl !
|__ 1 |
I I
| "
Y _ _
L oo o o o e e e e J

Y00l —



EP 4 451 532 A1

g1 'old

_
[ 1
(elerl — o | 3514
<~ 07 [ Tsooa 1 |AHIyn| 3AS
< AV1E0 le——t] S <]
HOIH
T:#V/ _ ;
1
1
ver NIAT L
QIOH B ITdAVS [ | "
N33 - ! ! 74}
1 1
— ¢Na | ) I 0%
o€l ] !
QT0H 8 INdNYS <5557 | “
ado ! _
;o
|
] "
..... Tl _
o) o0, "
1
mwe\n_l g _
1 1
—_ i
04l o1 m
1
il m
"
Y _

€001 —

10



EP 4 451 532 A1

oQES;

174"

dwo)

¢ Old

44

4

r=——u_] [SV131dINVS

ANTVANING |
HOl4d d110H

AVIVAXONG | o4

493
¢Nd

l—

1%

02 “
N INIAT
15008 H04 %ong | |
1SV1Q10H A.u”A_
1 /
“ - /
INTVA I 7 oy
15004 I1dNIVS A|.|“ AN R
007 K m aao
NOILISNVYL
15009 0L YONng
ogem_;
74
20¢
0000 -
dwo)

0cl

1"



EP 4 451 532 A1

o dwey

= |

12



EP 4 451 532 A1

v Old

1434

1
dNvY H3S [ !
¢ /m NI e “
1
91~ "t AN
LAY H®S [~Ga0 |
o1l
d001 <~
duwey| J9VLIOA MOTS
4)
il
d001 <~
INTHHND 18V

dO01%0vdd334 INJHHND LSVH H3ANNI

oe\

d00T XOvd8d334 OVLI0A MOTS ¥31N0

A1%

13



EP 4 451 532 A1

g 'Ol

o7 \.ooF

d0O7 IOVLION MO1S ¥31N0

dOOT INIHHND LSV4 HANNI

009

WL— MWW\

0>

3SNd
J1VILINI

l_m_ 919N WZ _”
<

I
. JOIN
+
4L

........................... "
2dnvd - Hs |

| zna
1
\divd - Hes |

14



EP 4 451 532 A1

9 'OI4

909 <
NOILYHEITYO ¥ 0 1 O =dwen v @ (bay)j=dwel] L
2 7, 09— 209 o %m
dnvy | A
NOILYSNIdNOD | (O “Th=dwey| oval AH
<& / @ T
T
D0A 7/: YWWA
9Ll dOOT IOVLION
MO1S ¥31N0 g’
— “69 /_
H_H o7 \.oov N8| be
801 e [ o —AN—e—] S0 —
inog 00-0d 019
183 ds3 OVa D
80v C A\ yg) - dwog
DA (A /3
\\ova 135440
d001 INIHHND
sl—1"  LSY4¥3INNI

00}

15




@ o L

71
V\_/+_ AL B L

S I gy T

I
~-0¢. Il

4N4g

EP 4 451 532 A1

|
90, W d HN
NPT “Bo jaIA

+
S
Nbx_ﬁ L

L
91
wE\_

O—

201
00-0d Al.
vzl dwo)

16



EP 4 451 532 A1

8 '9OId

=

Y
L[ v L] PR
[ dweip [ dweip ~°
[
T Jsoog 908 — T dwey
_ 8l H__ oG
A e
\‘ \\ uonadwel| ppo ™ dwey| \ 808
vel
0cl o¢l
dwo? o1l <
= dOOTI9OVLIONA
Lo
L F LT
9 no J0d-0d
vzl QEOO

A
dOOTIN3HYND [

A

08

008

vel

AY13a
=1 %I
] B
pPO
v,om 103138 Hﬂwm_mgwﬂm
PPO

018
ava3doTs

-+

c08

8¢l

17



EP 4 451 532 A1

6 OIl4

’ 1 INJWLSNray D344

. 80 17TYNOILDO

Yl

A1VSNIdNOD

weJ|

|
]

>
009
d3T104.INOD
vLOIa —>
3444

- |9}

0l
ms}~€ y3qiAIg
= d00139DVLIOA MOTS ¥3L1N0
1noy T
! A ———>L mwrmw._
14\ 901~ ¥S3 183 JOVLI0A
_ 0l
0000
no1
d
80V yoy /(u)n 207" (7, 907 g/ % 7
« doo1 -
INIHYUND

oe\

00%
dOOT
INIHHNO

dOOT INJHHINO LSVH HANNI

18



EP 4 451 532 A1

0l "OId

= _ ¢ 0l <
— Mms}
Y _ duwen H_ Mms d4alAld Y[94

(baw)i=| dweyj

dwoo)

9l

\
801 |_| omﬂo
Q0N "oy

Zh
dOO01
INTHHENO

19



EP 4 451 532 A1

1100

Y/

MEASURE CURRENT PROXIMATE OUTPUT NODE (110)

!

MEASURE VOLTAGE AT OUTPUT NODE (110)

!

SUM CURRENT BASED ON SENSED CURRENT
WITH CURRENT BASED ON SENSED VOLTAGE

!

DIVIDE CLOCK SIGNAL TO CONTROL
EVEN S & H CIRCUIT (134) AND ODD S & H CIRCUIT (136)

!

USE RAMP COMPENSATION SIGNAL TO SMOOTH
TRANSITIONS OF DC-DC CONVERTER (102)

FIG. 11
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